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AbstratWe have onduted Ab initio moleular dynamis simulations ofhydrogen �uoride (HF) at pressures of 5-66 GPa along the 900 Kisotherm. We predit a superioni phase at 33 GPa, where the �u-orine atoms are �xed in a b lattie while the hydrogen atoms di�userapidly with a di�usion onstant of between 2 × 10
−5 and 5 × 10

−5

cm2/s. We �nd that a transformation from asymmetri to symmetrihydrogen bonding ours in HF at 66 GPa and 900K. With superioniHF we have disovered a model system where symmetri hydrogenbonding ours at experimentally ahievable onditions. Given previ-ous results on superioni H2O[1, 2, 3℄ and NH3[1℄, we onlude thathigh P,T superioni phases of eletronegative element hydrides ouldbe ommon.Superioni solids exhibit exeptionally high ioni ondutivity, where oneion type rapidly di�uses through a rystalline lattie of the remaining types.This is a unique phase of matter in whih bonds are breaking and reformingvery rapidly. Sine their disovery in 1836, a fundamental understandingof superioni ondutors has been one of the major hallenges in ondensedmatter physis[4℄. In general, it has been di�ult to reate a simple set ofrules governing superioni phases. Studies have mostly been limited to om-pounds with metalli elements, suh as metal halides like AgI and PbF2[4℄.In ontrast, the existene of superioni solid phases of hydrogen bonded om-pounds has been theorized previously[5, 1℄. Reent experimental and om-putational results indiate the presene of a high pressure triple point in theH2O phase diagram[6, 7, 2℄, inluding a so-alled superioni solid phase withfast hydrogen di�usion[2, 3℄.Cavazzoni et al.[1℄ found a symmetrization of the H-O-H hydrogen bondin superioni water. More reently, Goldman et al. found that the superioniphase of water undergoes a transformation from asymmetri (onventional)to symmetri hydrogen bonding at pressures above 95 GPa at 2000K. Insymmetri hydrogen bonding, the intramoleular X�H bond beomes identi-al to the intermoleular X�H bond, where X is an eletronegative element.This provides a depression in the bond mid-point energeti barrier, whihfailitates pressure indued bond dissoiation[8℄. Consequently, symmetrihydrogen bonding ould be a key fator in superioni di�usion in hydrogenbonding systems.Due to urrent limitations in diamond anvil ell tehniques, the temper-atures and pressures that an be investigated experimentally are too low to2



probe the predited transformation to symmetri hydrogen bonding in pre-viously studied hydrides, suh as NH3[1℄ and H2O. For instane, in waterGoldman et al.[3℄ predited that symmetri hydrogen bonding ours at 95GPa and 2000K. The ombination of very high pressure and temperaturemake it hallenging to use traditional optial probes in the diamond anvilell[2℄. Thus, we seek to �nd other materials that will ahieve a symmetri-ally hydrogen bonded superioni phase at more aessible temperatures andpressures. We expet HF to demonstrate symmetri hydrogen bonding atlower pressures and temperatures than H2O due to the high strength of itshydrogen bonds.Although HF lusters have been studied extensively (e. g., ref. [9℄), rel-atively little is known about the ondensed phase. In partiular, few highpressure studies of HF exist, despite the relative simpliity of the moleule.A previous Raman study of solid HF obtained spetra at 25 K and up to17 GPa[10℄. The F�H streth showed red-shifting and disappearane (ata. 7 GPa) as a funtion of pressure, onomitant with blue-shifting andbroadening of the librational modes. These features were attributed to thesymmetrization of the hydrogen bond, as observed in other hydrides at highpressure, inluding DCl[11℄, HBr[12℄ and H2O[2℄. This observation suggeststhe existene of a superioni phase of HF at previously uninvestigated pres-sures and temperatures.As a result, HF provides a unique system for studying pressure and tem-perature indued e�ets on hydrogen bonded systems. It forms some ofthe strongest hydrogen bonds known[13, 14℄, making it an ideal materialfor our purposes. We report results of Car-Parrinello moleular dynamissimulations[15℄ along the 900 K isotherm from 5 � 66 GPa. In these sim-ulations we observe a transformation from a moleular solid to one whihexhibits superioni di�usion mediated by symmetri hydrogen bonds at ex-perimentally ahievable onditions. Our results show that symmetri hydro-gen bonding ould play a large role in this superioni di�usion. The lowerpressures needed to indue this phase of HF will allow for more extensive ex-perimental studies of superioni phases of hydrogen bonded ompounds. Ourresults indiate that previously undisovered superioni solids, e. g. HCl andHBr, may also exist at experimentally aessible temperatures and pressures.
3



MethodsFor our simulations we have used Car-Parrinello Moleular Dynamis[15℄. Weused the BLYP exhange-orrelation funtional[16, 17℄, and Troullier-Martinspseudo-potentials[18℄ for both �uorine and hydrogen. In order to insureonvergene of the stress tensor, we used a plane wave uto� of 180 Rydberg.The temperature was ontrolled by using Nosé-Hoover thermostats[19, 20℄ forall nulear degrees of freedom. A �titious eletron mass of 200 au was used.This resulted in a time step of 0.048 fs. The simulations were performed on64 HF moleules in a �xed volume ell with periodi boundary onditions.Our simulations began from an initial state of rystalline HF. The rystalstruture of HF at high pressures is unknown. The orthorhombi lattieobserved experimentally at ambient onditions[21℄ was found to be stablein simulations at zero pressure and room temperature. In simulations atpressures of 5 GPa or more, however, we found that the orthorhombi lattiewas unstable at room temperature. Sine it is di�ult to aurately preditthe relative energy of moleular solid phases based on density funtionaltheory[22℄, we took the b lattie as a simple representative solid phasewithout further investigation of other moleular solid latties. The b phasewas stable at room temperature for all pressures investigated here.Initial onditions were generated by reating a b unit lattie of two�uorine atoms at the density of interest. The hydrogen positions were op-timized within the b unit ell. This b unit ell was then repliated sothe simulation ell ontained 54 moleules, and the hydrogen positions wereoptimized one more. The temperature was inreased from 0K to 900 K insteps of 300-450 K, using veloity saling for a. 2 ps at eah temperaturestep. All simulations were equilibrated for a minimum of 2 ps at the �naltemperature of 900K. Data olletion simulations were run for 5�10 ps.Results and DisussionIn a moleular phase, the di�usion onstants of H and F atoms are idential.For a superioni phase, on the other hand, the H atoms are expeted to haveliquid-like values while the F atoms do not di�use. The alulated atomidi�usion onstants for our simulations are shown are shown in Fig. 1, withthe equation of state results inluded as the inset plot of Fig. 2. The di�usiononstants were determined via the usual method from the slope of the partile4



mean-square displaement at long times, viz., 〈(ri(t) − ri(0))2
〉

= 6Dt, whereD is the di�usion onstant.At 5 and 15 GPa (1.8 and 2.4 g/), the b lattie melted ompletelyand the system exhibited moleular di�usion (viz., DH ≈ DF ). However, at33 GPa and 66 GPa (3.0 and 3.6 g/), we observe the onset of a superioniphase, wherein the hydrogens di�use rapidly over a stable �uorine b lattie.For both pressures, the hydrogens exhibit di�usion omparable with mole-ular di�usion at ambient onditions[23℄. One symmetri hydrogen bondingis ahieved at 66 GPa (disussed below), the hydrogen di�usion onstantinreases substantially to a value above that of the moleular liquid.Given the relatively short simulations times (≈ 10 ps) aessible by �rstpriniples moleular dynamis, it is reasonable to question whether the su-perioni phase is thermodynamially stable. In order to test the stability ofthe superioni phase, we heated the b lattie to melting at 3.0 g/. Wefound that in order to melt the b lattie the system had to be heated to1900 K (in steps of 500 degrees for 2 ps) before melting was observed. Thesuperioni phase thus appears to have a broad region of stability, extendingroughly from 900K to 1900K at 3.0 g/. This observation inreases ouron�dene that the superioni state is thermodynamially stable.We also found that a superioni phase of HF an be formed either byheating the moleular solid or by ooling the liquid. We ooled the liquidphase at 3.0 g/ from 1900K in steps of 100�200 degrees for 2�4 ps. At600K an amorphous superioni solid formed.The vibrational density of states (VDOS) for the simulations are pre-sented in Figure 2. The VDOS is alulated by taking the Fourier Transformof the veloity autoorrelation funtion, viz.,
CV V (ω) =

∫

〈vi(t)vi(0)〉 e−iωtdt.In the moleular liquid at 5 GPa, the �rst peak in the VDOS ours ata. 125 m−1 with a notieable shoulder at a. 500 m−1, both of whihorrespond losely to translational and librational bands in the experimentalRaman spetrum at the same pressure[10℄ and 25K. In addition, we observethe H-F streth vibrational band at a. 3400 m−1, whih mathes well withthe both the experimental IR [24℄ spetra and Raman spetra. In ontrast, at66 GPa dramati hanges have ourred within the system. The translationalband is absent, and in plae of the librational �shoulder� there is a broadband at 600 m−1. In addition, the H�F streth peak is red-shifted and5



signi�antly dereased in intensity, a feature also found in the high pressureRaman studies[10℄. Similar spetrosopi hanges have been attributed tosymmetri hydrogen bonding in low temperature, high pressure experimentson various hydrogen bonded systems[10, 11, 12, 2℄.The F�H radial distribution funtions (RDF) at 900K and varying pres-sure are shown in Figure 3. The RDFs were alulated aording to the fol-lowing equation: g(r) ≡ V
N2

〈

∑N

i,j 6=i δ (rij − r)
〉, where V is the volume of thesystem, N is the number of partiles in the system, and i and j are summedover all speies pairs (F-F, H-F, and H-H). The g(RFH) exhibits a numberof broad peaks similar to a liquid, even though the �uorine atoms oupylattie positions. This is due to the hopping of hydrogens between spei�sites relative to the �uorines, and the relatively high vibrational amplitudesat 900K. At 5 GPa, the �rst minimum of g(RFH) is at a. 1.2 Å, indiat-ing the predominane of moleular HF. At 66 GPa, the �rst minimum hasshifted to 1.64 Å, onsistent with hydrogen bond symmetrization. Note thatthe superioni phase found at 33 GPa shows a �rst minimum of g(RFH) of1.2 Å, similar to the moleular liquid. Thus hydrogen bond symmetrizationours well inside the boundary of the superioni phase.The �rst peak at 66 GPa an be deomposed into two Gaussians, oneentered at a. 1 Å, and the other at a. 1.2 Å. The �rst Gaussian mostlikely orresponds to a ovalent bond, and the peak at 1.2 Å to an ioni bondwith the neighboring �uorine. Thus, the hydrogen bonding in superioni HFat 66 GPa is not entirely symmetrized in that the ovalent and ioni bondlengths are not yet equal.Coordination numbers learly demonstrate the symmetrization of hydro-gen bonding in superioni HF. The oordination number is de�ned as thevolumetri integral of g(RFH) from 0 to the �rst minimum. In Figure 4 theoordination number is seen to learly hange from 1 at 5 GPa, onsistentwith moleular HF, to 2 at 66 GPa, onsistent with symmetrially hydrogenbonded HF. The oordination number undergoes a ontinuous hange withpressure, despite the �rst order phase transition from the liquid phase to thesuperioni phase.The behavior of the oordination number in HF is very similar to thatfound in previous simulations of H2O[3℄. In Figure 5 we show the oordina-tion number of O in H2O at 2000K as a funtion of pressure. The oordi-nation inreases from 2 in moleular H2O to 4 in superioni H2O. As withHF, the transformation to symmetri hydrogen bonding ours well inside6



the superioni phase boundary.The hange from asymmetri to symmetri hydrogen bonding in the su-perioni phase ould our either as a ontinuous transformation within thesuperioni phase or as a distint thermodynami phase transition. Althoughthe limited number of simulations presented here do not fully address thisissue, the ontinuous nature of the equation of state urve in Figure 2 suggesta ontinuous tranformation.It is di�ult to unambiguously determine hemial speies in highly rea-tive ondensed phase materials. We take two simple approahes here. In the�rst, we de�ne instantaneous speies based on the F�H bond distane. If thebond distane is less than a value rc, we ount the atom pair as bonded. De-termining all the bonds in the system gives the hemial speies at eah pointin time. Considering the F�H vibrational frequeny at 3400 m−1, speieswith lifetimes less than an F�H bond vibrational period (10 fs) are �tran-sient�, and do not represent bound moleules. The optimal uto� rc betweenbonded and non-bonded speies is given by the loation of the maximum inthe free energy surfae, viz. W (r) = −kBT ln[g(RFH)], where W (r) is thefree energy surfae (potential of mean fore). The maximum in W (r) or-responds to the �rst minimum in g(RFH). This hoie, while intuitive, alsoorresponds to the optimal hoie of a transition state for the dissoiation[25℄within transition state theory. In the seond method to determine speies,we ount two atoms as bonded only if their distane is less than rc for a givenperiod of time. This has the advantage of reduing possible overbonding inthe hemial piture, but has the disadvantage of introduing an empirialparameter in the desription, i.e. the minimum bond lifetime.We now analyze the moleular speies, lifetimes and strutures using the�rst method. We �nd that no moleular hydrogen (H2) or moleular �uorine(F2) has been formed during the simulations at all densities. Snapshots fromseveral of the simulations are shown in Fig. 6. At 5 GPa, the predominantspeies is HF, whih has a lifetime of lose to 1 ps. We also observed lusteringwherein up to three HF moleules have formed neutral and ioni lusters.However, all of these lusters have lifetimes less than 10 fs, indiating thatthey are not bound omplexes. At 15 GPa, the HF lifetime has dropped toless than 150 fs. For this density, lusters up to the neutral HF hexamer werefound. At 33 GPa we have observed the superioni phase. At this point, theHF lifetime has dereased to a. 72 fs. The degree of lustering has beomemore pronouned, with greater onentrations of up to the neutral and ionihexamer being reorded. The predominant speies at all of these state points7



is HF, and all other speies deteted had lifetimes of less than 10 fs.Our result for 66 GPa is the most interesting state point investigated. Atthis density, the predominant speies is a transient network of F�H bonds,enompassing most if not all of the atoms in the simulation. This networkis due to the inrease in F�H bond distane; no F�F or H�H bonds werefound at any point during the simulation. Many of the F�H pairs that areonsidered bonded are �eeting in nature. Thus, we have repeated our al-ulations with the seond method of speies determination, onsidering onlybonds with lifetimes greater than a 10 fs uto�. 10 fs orresponds roughly toone vibrational period of the F-H bond, and thus is a logial minimal bondlifetime.We observed a. 60% of H�F bonds that met our distane riteria alsomet this lifetime riteria at 66 GPa. The average lifetime of these bonds wasa. 160 fs. Inspetion of 10 fs long segments of the trajetory revealed longhydrogen bond hains, somewhat similar to what is observed in the liquid atmuh lower temperatures and pressure[13℄. Several stable HF moleules werealso observed with the above riteria, although the predominant speies wasthe hydrogen bonded network. Observation of the hydrogen bond hains didnot depend partiularly on the lifetime uto� used. For example, a. 50% ofbonds met an inreased lifetime uto� of 20 fs, and a. 30% met a uto� of50 fs. Consequently, this extended hydrogen bond network is a (relatively)long-lived feature of hydrogen bonded superioni solids, that is present forreasons other than �eeting ontat between nulei.We �nd that at 66 GPa, hydrogens di�use via a trigonal oordinationmehanism. This is onsistent with features of well-known superioni solids,suh as AgI, in whih the silver ion di�uses through the trigonal interstitialsites[4℄. Snapshots of a hydrogen di�using through the lattie are shown inFig. 7. The formation of three bonds likely weakens eah individual one,thus allowing the hydrogen to hop more easily through the �uorine sub-lattie. The ease with whih multiple ioni bonds an form is due to thesymmetri hydrogen bonding.In order to determine the degree of ovaleny of H�F bonds in our sim-ulations, the maximally loalized Wannier enters[26℄ of several trajetorieswere alulated, and a distribution funtion of the distane from the near-est �uorine atom was determined. There is a minimum in the distributionfuntion (rmin) at roughly 0.35 Å in all of the simulations. We used rmin todi�erentiate between Wannier enters orresponding to lone pairs (r < rmin)and those orresponding to ovalent bonds (r > rmin). This de�nition was8



used to ompute the perentage of ioni and ovalent bonds. At pressuresof 5 � 33 GPa we �nd that 96-100% of the F�H bonds are ovalent. For 66GPa, we �nd that about 50% of the bonds are ovalent.Finally, we have performed a Mulliken[27℄ population analysis of a snap-shot of the simulations at 66 GPa in order to estimate the ioni harges.There are di�ulties in applying harge loalization shemes with a plane-wave basis set, sine a seondary atom-entered basis set must be introduedduring the harge loalization. In order to generate a simple estimate of Mul-liken harges, the mixed basis set CP2K[28℄ ode was used to perform theMulliken population analysis on a representative snapshot from the CPMDsimulation at 66 GPa, with a uto� of 400 Ry, a basis set of DZVP, and withthe BLYP funtional[28, 29℄.For a single snapshot, we observe an average hydrogen harge (in au) of+0.43 ±0.033 and an average �uorine harge of -0.43 ±0.049. Interestingly,we observed that a geometry optimized HF monomer has nearly identialharges on the atomi speies. Considering the observed 50% ovalent bond-ing, we expet that the site harges will approah an absolute value of 0.5 asthe hydrogen bonding beomes inreasingly symmetri. nConlusionsWe have predited a new superioni solid phase of HF. The superioni phaseis haraterized by a stable �uorine b lattie and highly mobile hydrogenatoms. At the highest pressures simulated, we see a symmetrization of thehydrogen bond, where the superioni solid beomes an extended networkof very short-lived partially ovalent bonds. The hydrogens di�use throughthe �uorine sub-lattie via trigonal interstitial sites. It should be observableby experiments at a. 33 GPa and 900 K (. f. 49 GPa and 1000 K forwater[2℄). In addition, the hydrogens and �uorines are not fully ionized,similar to previous results for a superioni solid at ambient pressure[30℄.The symmetrially hydrogen bonded form of the superioni solid is pre-dited to our at 66 GPa (. f. 95 GPa, 2000K for water[3℄). There is somereason to expet that the experimental observation of symmetri hydrogenbonding in superioni HF ould be tehnially easier than the orrespondingobservation in H2O. Thus, HF serves as an exellent model for studying therole of symmetri hydrogen bonding in high pressure superioni solids.Future simulations may explore the role of quantum e�ets in superioni9
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Figures
• Figure 1: Hydrogen and �uorine di�usion onstants as a funtion ofdensity. The onset of symmetri hydrogen bonding is disussed furtherin the text.
• Figure 2: Vibrational density of states at simulations at 5, 33 and 66GPa. The equation of state is in the inset.
• Figure 3: F�H Radial distribution funtions.
• Figure 4: Coordination number of F as a funtion of pressure in HF at900K.
• Figure 5: Coordination number of O as a funtion of pressure in H2Oat 2000K
• Figure 6: Snapshots of the simulations at 5, 33, and 66 GPa. The�uorine atoms are olored green and the hydrogens grey. Bonds wereonly drawn if they met both the length and lifetime uto�s (1.63 Åand 10 fs, respetively). Dashed lines orrespond to hydrogen bondsthat have lifetimes longer than the 10 fs uto�. The snapshots at 5 and33 GPa exhibits hains of hydrogen bonds, similar to what is foundin the ambient liquid[13, 14℄. The b lattie in the 33 and 66 GPasimulations is learly observed. Several H2F speies an be seen in the66 GPa piture, whih are artifats of the periodi boundary onditions.The superioni solid at 66 GPa exhibits superioni di�usion with nearsymmetri hydrogen bonding.
• Figure 7: Sequential snapshots of superioni HF, taken from the sim-ulation at 66 GPa. Fluorines are labeled green and the hydrogens arewhite. In (b), a triply oordinated hydrogen is found. The blue bondsindiate the ativated nature of the on�guration. This transition stateon�guration has a lifetime of only a. 10 fs. Part () shows the newH-F-H bond pair.
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(a) Moleular liquid. (b) Asymmetri H-bonded superioni solid.

() Symmetri H-bonded superioni solid.Figure 6:17



(a) (b) ()Figure 7:
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